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KEY FINDINGS

e Human activity over the last two centuries, including combustion of fossil fuel and clearing of forests,
has led to a dramatic increase in the concentration of atmospheric carbon dioxide. Global
atmospheric CO, concentrations have risen by 31% since 1850, and they are now higher than they
have been for 420,000 years.

e North America is responsible for approximately 27% of the emissions produced globally by fossil-fuel
combustion, with the United States accounting for 86% of the North American total.

e Anthropogenic emissions (a carbon source) dominate the carbon budget of North America. Largely
unmanaged, unintentional processes lead to a smaller carbon sink (uptake of carbon). The sink is
approximately 30% of the North American emissions, 9% of global emissions, and approximately
50% of the global terrestrial sink inferred from global budget analyses and atmospheric inversions.

e While the future trajectory of carbon sinks in North America is uncertain (substantial climate change
could convert current sinks into sources), it is clear that the carbon cycle of the next few decades will
be dominated by the large sources from fossil-fuel emissions.

e Because North American carbon emissions are at least a quarter of global emissions, a reduction in

North American emissions would have global consequences.

THE GLOBAL CYCLE

The modern global carbon cycle is a collection of many different kinds of processes, with diverse
drivers and dynamics, that transfer carbon among major pools in rocks, fossil fuels, the atmosphere, the
oceans, and plants and soils on land (Sabine et al., 2004b) (Fig. 2-1). During the last two centuries,
human actions, especially the combustion of fossil fuel and the clearing of forests, have altered the global
carbon cycle in important ways. Specifically, these actions have led to a rapid, dramatic increase in the
concentration of carbon dioxide (CO,) in the atmosphere (Fig. 2-2), changing the radiation balance of the
Earth (Hansen et al., 2005), and most likely warming the planet (Mitchell et al., 2001). The cause of the

recent increase in atmospheric CO; is confirmed beyond a reasonable doubt (Prentice, 2001). This does
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not imply, however, that the other components of the carbon cycle have remained unchanged during this
period. The background or unmanaged parts of the carbon cycle have, in fact, changed dramatically over
the past two centuries. The consequence of these changes is that only about 40% * 15% of the carbon
dioxide emitted to the atmosphere from fossil-fuel combustion and forest clearing has remained there
(with most of the uncertainty in this number due to the uncertainty in carbon lost from forest clearing)
(Sabine et al., 2004b). In essence, human actions have received a large subsidy from the unmanaged parts
of the carbon cycle. This subsidy has sequestered, or hidden from the atmosphere, approximately 279 +
160 Gt of carbon. [Throughout this chapter, we will present the pools and fluxes in the carbon cycle in Gt
C (1 Gt =1 billion tons or 1 x 10" g). The mass of CO, is greater than the mass of carbon by the ratio of

their molecular weights, 44/12 or 3.67 times; 1 km® of coal contains approximately 1 Gt C.]

Figure 2-1. Schematic representation of the components of the global carbon cycle. The three panels
show (A) the overall cycle, (B) the details of the ocean cycle, and (C), and the details of the land cycle. For
all panels, carbon stocks are in brackets, and fluxes have no brackets. Pre-anthropogenic stocks and fluxes
are in black. Anthropogenic perturbations are in red. For stocks, the anthropogenic perturbations are the
cumulative total since 1850. Anthropogenic fluxes are means for the 1990s. Redrawn from (Sabine et al.,

2004b) with updates as discussed in the text.

Figure 2-2. Atmospheric CO, concentration from 1850 to 2005. The data prior to 1957 (red circles) are
from the Siple ice core (Friedli et al., 1986). The data since 1957 (blue circles) are from continuous
atmospheric sampling at the Mauna Loa Observatory (Hawaii) (Keeling et al., 1976;, Thoning et al., 1989)

(with updates available at http://cdiac.ornl.gov/trends/co2/sio-mlo.htm).

The recent subsidy or sequestration of carbon by the unmanaged parts of the carbon cycle makes
them critical for an accurate understanding of climate change. Future increases in carbon uptake in the
unmanaged parts of the cycle could moderate the risks from climate change, while decreases or transitions
from uptake to release could amplify the risks, perhaps dramatically.

In addition to its role in the climate, the carbon cycle intersects with a number of critical earth system
processes. Because plant growth is essentially the removal of carbon dioxide from the air through
photosynthesis, agriculture and forestry contribute important fluxes. Wildfire is a major release of carbon
from plants and soils to the atmosphere (Sabine et al., 2004b). The increasing concentration of CO; in the
atmosphere has already made the world’s oceans more acid (Caldeira and Wickett, 2003). Future changes

could dramatically alter the composition of ocean ecosystems (Feely et al., 2004; Orr et al., 2005).
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The Unmanaged Global Carbon Cycle
The modern background, or unmanaged, carbon cycle includes the processes that occur in the absence

of human actions. These processes are, however, currently so altered by human influences on the carbon
cycle that it is not appropriate to label them natural. This background part of the carbon cycle is
dominated by two pairs of gigantic fluxes with annual uptake and release that are close to balanced
(Sabine et al., 2004b) (Fig. 2-1). The first of these comprises the terrestrial carbon cycle: plant growth on
land annually fixes about 57 £ 9 Gt of atmospheric carbon, approximately ten times the annual emission
from fossil-fuel combustion, into carbohydrates. Respiration by land plants, animals, and
microorganisms, which provides the energy for growth, activity, and reproduction, returns a slightly
smaller amount to the atmosphere. Part of the difference between photosynthesis and respiration is burned
in wildfires, and part is stored as plant biomass or soil organic carbon. The second comprises the ocean
carbon cycle: about 92 Gt of atmospheric carbon dissolves annually in the oceans, and about 90 Gt yr™
moves from the oceans to the atmosphere (While the gross fluxes have a substantial uncertainty, the
difference is known to within = 0.3 Gt) . These air-sea fluxes are driven by internal cycling within the
oceans that governs exchanges between pools of dissolved CO,, bicarbonate (HCO;3"), and carbonate
(COy"); organic matter; and calcium carbonate.

Before the beginning of the industrial revolution, carbon uptake and release through these two pairs
of large fluxes were almost balanced, with carbon uptake on land of approximately 0.55 + 0.15 Gt C yr™*
transferred to the oceans by rivers and released from the oceans to the atmosphere. As a consequence, the
level of carbon dioxide in the atmosphere varied by less than 25 ppm in the 10,000 years prior to 1850
(Joos and Prentice, 2004). But atmospheric CO, was not always so stable. During the preceding 420,000
years, atmospheric CO, was 180-200 ppm during ice ages and approximately 275 ppm during
interglacials (Petit et al., 1999). The lower ice-age concentrations in the atmosphere most likely reflect a
transfer of carbon from the atmosphere to the oceans, possibly driven by changes in ocean circulation and
sea-ice cover (Sigman and Boyle, 2000; Keeling and Stephens, 2001). Enhanced biological activity in the
oceans, stimulated by increased delivery of iron-rich terrestrial dust, may have also contributed to this
increased uptake (Martin, 1990).

In the distant past, the global carbon cycle was out of balance in a different way. Fossil fuels are the
product of prehistorically sequestered plant growth, especially 354 to 290 million years ago in the
Carboniferous period. During this time, luxuriant plant growth and geological activity combined to bury a
small fraction of each year’s growth. Over millions of years, this gradual burial led to the accumulation of
vast stocks of fossil fuel. The total accumulation of fossil fuels is uncertain, but probably in the range of
6000 + 3000 Gt (Sabine et al., 2004b). It also led to a near doubling of atmospheric oxygen (Falkowski et
al., 2005).
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Anthropogenic Perturbations

Since the beginning of the industrial revolution, there has been a massive release of carbon from
fossil-fuel combustion and deforestation. Cumulative carbon emissions from fossil-fuel combustion,
natural gas flaring, and cement manufacture from 1751 through 2003 are 304 + 30 Gt (Marland and
Rotty, 1984; Andres et al., 1999) (with updates through 2003 online at
http://cdiac.ornl.gov/trends/emis/tre_glob.htm). Land use change from 1850 to 2003, mostly from the
clearing of forests, added another 162 + 160 Gt (DeFries et al., 1999; Houghton, 1999a)(with updates
through 2000 online at http://cdiac.ornl.gov/trends/landuse/houghton/houghton.html. We extrapolated the
total through 2003 based on the assumption that the fluxes in 2001-2003 were the same as that in 2000.) .
The rate of fossil-fuel consumption in any recent year would have required, for its production, more than
400 times the current global primary production (total plant growth) of the land and oceans combined
(Dukes, 2003). This has led to a rapid increase in the concentration of CO, in the atmosphere since the
mid-nineteenth century, with atmospheric CO, rising by 31% (i.e., from 287 ppm to 375 ppm in 2003; the
increase from the mid-eighteenth century was 35%).

In 2003 the three major countries of North America (Canada, Mexico, and the United States) together
accounted for carbon emissions from fossil-fuel combustion of approximately 1.86 + 0.2 Gt C, or about
27% of the global total. The United States, the world’s largest emitter of carbon dioxide, was responsible
for 86% of the North American total. Per capita emissions in 2003 were 5.4 £ 0.5 metric ton in the United
States, 5.0 + 0.55 metric ton in Canada, and 0.9 £ 0.1 metric ton in Mexico. Per capita emissions in the
United States were nearly 5 times the world average, 2.5 times the per capita emissions for Western
Europe, and more than 8 times the average for Asia and Oceania (DOE EIA, 2005). The world’s largest
countries, China and India, have total carbon emissions from fossil-fuel combustion and the flaring of
natural gas that are substantially lower than those in the United States. The 2003 total for China was 61%
of that in the United States, and the total for India was 18% that of the United States. Per capita emissions
for China and India in 2003 were 14% and 5%, respectively, of the U.S. rate (DOE EIA, 2005).

ASSESSING GLOBAL AND REGIONAL CARBON BUDGETS

Changes in the carbon content of the oceans and plants and soils on land can be evaluated with at
least five different approaches—flux measurements, inventories, inverse estimates based on atmospheric
CO,, process models, and calculation as a residual. The first method, direct measurement of carbon flux,
is well developed over land for measurements over the spatial scale of up to 1 km?, using the eddy flux
technique (Wofsy et al., 1993;, Baldocchi and Valentini, 2004). Although eddy flux measurements are

now collected at more than 100 networked sites, spatial scaling presents formidable challenges due to
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spatial heterogeneity. To date, estimates of continental-scale fluxes based on eddy flux must be regarded
as preliminary. Over the oceans, eddy flux is possible (Wanninkhof and McGillis, 1999), but estimates
based on air-sea CO, concentration difference are more widely used (Takahashi et al., 1997).

Inventories, based on measuring trees on land (Birdsey and Heath, 1995) or carbon in ocean-water
samples (Takahashi et al., 2002;, Sabine et al., 2004a), can provide useful constraints on changes in the
size of carbon pools, though their utility for quantifying short-term changes is limited. Inventories were
the foundation of the recent conclusion that 118 Gt of anthropogenic carbon has entered the oceans
(Sabine et al., 2004a) and that forests in the mid-latitudes of the Northern Hemisphere sequestered 0.6 to
0.7 Gt C yr in the 1990s (Goodale et al., 2002). Changes in the atmospheric inventory of O, (Keeling et
al., 1996) and *C in CO, (Siegenthaler and Oeschger, 1987) provide a basis for partitioning CO, flux into
land and ocean components.

Process models and inverse estimates based on atmospheric CO, (or CO, in combination with BCor
0,) also provide useful constraints on carbon stocks and fluxes. Process models build from understanding
the underlying principles of atmosphere/ocean or atmosphere/ecosystem carbon exchange to make
estimates over scales of space and time that are relevant to the global carbon cycle. For the oceans,
calibration against observations with tracers (Broecker et al., 1980) (**C and chlorofluorocarbons) tends
to nudge a wide range of models toward similar results. Sophisticated models with detailed treatment of
the ocean circulation, chemistry, and biology all reach about the same estimate for the current ocean
carbon sink, 1.5 to 1.8 Gt C yr™* (Greenblatt and Sarmiento, 2004), and while uncertainties on these
estimates are about £50%, they are in quantitative agreement with data-inventory approaches. Models of
the land carbon cycle take a variety of approaches. They differ substantially in the data used as
constraints, in the processes simulated, and in the level of detail (Cramer et al., 1999; Cramer et al.,
2001). Models that take advantage of satellite data have the potential for comprehensive coverage at high
spatial resolution (Running et al., 2004), but only over the time domain with available satellite data. Flux
components related to human activities, for example deforestation, have been modeled based on historical
land use (Houghton, 1999b). At present, model estimates are uncertain enough that they are often used
most effectively in concert with other kinds of estimates (e.g., Peylin et al., 2005).

Inverse estimates based on atmospheric gases (CO;, BcinCoO,, or 0,) infer surface fluxes based on
the spatial and temporal pattern of atmospheric concentration, coupled with information on atmospheric
transport (Newsam and Enting, 1988). The atmospheric concentration of CO, is now measured with high
precision at approximately 100 sites worldwide, with many of the stations added in the last decade
(Masarie and Tans, 1995). The B¢ in Cco, and high-precision O, are measured at far fewer sites. The
basic approach is a linear Bayesian inversion (Tarantola, 1987; Enting, 2002), with many variations in the

time scale of the analysis, the number of regions used, and the transport model. Inversions have more
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power to resolve year-to-year differences than mean fluxes (Rodenbeck et al., 2003; Baker et al., 2006).
Limitations in the accuracy of atmospheric inversions come from the limited density of concentration
measurements, especially in the tropics, uncertainty in the transport, and errors in the inversion process
(Baker et al. 2006). Recent studies that use a number of sets of CO, monitoring stations (Rodenbeck et al.
2003), models (Gurney et al., 2003; Law et al., 2003; Gurney et al., 2004; Baker et al., 2006), temporal
scales, and spatial regions (Pacala et al., 2001), highlight the sources of the uncertainties and appropriate
steps for managing them.

A final approach to assessing large-scale CO, fluxes is solving as a residual. At the global scale, the
net flux to or from the land is often calculated as the residual left after accounting for fossil emissions,
atmospheric increase, and ocean uptake (Post et al., 1990). Increasingly, the need to treat the land as a
residual is receding, as the other methods improve. Still, the existence of constraints at the level of the

overall budget injects an important connection with reality.

RECENT DYNAMICS OF THE UNMANAGED CARBON CYCLE

Of the approximately 466 + 160 Gt carbon added to the atmosphere by human actions since 1850,
only about 187 + 5 Gt remain. The “missing carbon” must be stored, at least temporarily, in the oceans
and in ecosystems on land. Based on a recent ocean inventory, 118 + 19 Gt of the missing carbon has
now been identified in the oceans (Sabine et al., 2004a). This leaves about 161 £+ 160 Gt that must be
stored on land (with most of the uncertainty due to the uncertainty in emissions from land use).
Identifying the processes responsible for the uptake on land, their spatial distribution, and their likely
future trajectory has been one of the major goals of carbon cycle science over the last decade.

Much of the recent research on the global carbon cycle has focused on annual fluxes and their spatial
and temporal variation. The temporal and spatial patterns of carbon flux provide a pathway to
understanding the underlying mechanisms. Based on several different approaches, carbon uptake by the
oceans averaged 1.7 = 0.3 Gt C yr* for the period from 1992-1996 (Takahashi et al., 2002; Gloor et al.,
2003; Gurney et al., 2003; Matear and McNeil, 2003; Matsumoto et al., 2004). The total anthropogenic
flux is this amount, plus 0.45 Gt yr of preindustrial outgasing, for a total of 2.2 + 0.4 Gt yr™. This rate
represents an integral over large areas that are gaining carbon and the tropics, which are losing carbon
(Takahashi et al., 2002; Gurney et al., 2003; Gurney et al., 2004; Jacobson et al., 2006). Interannual
variability in the ocean sink for CO,, though substantial (Greenblatt and Sarmiento, 2004), is much

smaller than interannual variability on the land (Baker et al., 2006).

In the 1990s, carbon releases from land-use change were more than balanced by ecosystem uptake,

leading to a net sink on land (without accounting for fossil-fuel emissions) of approximately 1.1 Gt C yr™
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(Schimel et al., 2001; Sabine et al., 2004b). The dominant sources of recent interannual variation in the
net land flux were El Nifio and the eruption of Mt. Pinatubo in 1991 (Bousquet et al., 2000; Rodenbeck et
al., 2003; Baker et al., 2006), with most of the year-to-year variation in the tropics (Fig. 2-3). Fire likely
plays a large role in this variability (van der Werf et al., 2004).

Figure 2-3. The 13-model mean CO, flux interannual variability (Gt C yr‘l) for several continents
(solid lines) and ocean basins (dashed lines). (A) North Pacific and North America, (B) Atlantic north of
15°N and Eurasia, (C) Australasia and Tropical Pacific, (D) Africa, and (E) South America (note the
different scales for Africa and South America) (from Baker et al., 2006).

On a time scale of thousands of years, the ocean will be the sink for more than 90% of the carbon
released to the atmosphere by human activities (Archer et al., 1998). The rate of CO, uptake by the
oceans is, however, limited. CO, enters the oceans by dissolving in seawater. The rate of this process is
determined by the concentration difference between the atmosphere and the surface waters and by an air-
sea exchange coefficient related to wave action, wind, and turbulence (Le Quéré and Metzl, 2004).
Because the surface waters represent a small volume with limited capacity to store CO,, the major control
on ocean uptake is at the level of moving carbon from the surface to intermediate and deep waters.
Important contributions to this transport come from the large scale circulation of the oceans, especially
the sinking of cold water in the Southern Ocean and, to a lesser extent, the North Atlantic.

On land, numerous processes contribute to carbon storage and carbon loss. Some of these are directly
influenced through human actions (e.g., the planting of forests, conversion to no-till agriculture, or the
burying of organic wastes in landfills). The human imprint on others is indirect. This category includes
ecosystem responses to climate change (e.g., warming and changes in precipitation), changes in the
composition of the atmosphere (e.g., increased CO, and increased tropospheric ozone), and delayed
consequences of past actions (e.g., regrowth of forests after earlier harvesting). Early analyses of the
global carbon budget (e.g., Bacastow and Keeling, 1973) typically assigned all of the net flux on land to a
single mechanism, especially fertilization of plant growth by increased atmospheric CO,. Recent evidence

emphasizes the diversity of mechanisms.

The Carbon Cycle of North America

By most estimates, the land area of North America is currently a sink for carbon, in the absence of
emissions from fossil-fuel combustion. This conclusion for the continental scale is based mainly on the
results of atmospheric inversions. Several studies address the carbon balance of particular ecosystem

types [e.g., forests (Kurz and Apps, 1999; Goodale et al., 2002; Chen et al., 2003)]. Pacala and colleagues
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(Pacala et al., 2001) used a combination of atmospheric and land-based techniques to estimate that the 48
contiguous U.S. states are currently a carbon sink of 0.3 to 0.6 Gt C yr™. This estimate and a discussion of
the processes responsible for recent sinks in North America are updated in chapter 3. Based on inversions
using 13 atmospheric transport models, North America was a carbon sink of 0.97 Gt C yr™* from 1991
2000 (Baker et al., 2006). Over the area of North America, this amounts to an annual carbon sink of 39.6
gC m= yr‘l, similar to the sink inferred for all northern lands (North America, Europe, Boreal Asia, and
Temperate Asia) of 32.5 g C m2yr™ (Baker et al., 2006).

Very little of the current carbon sink in North America is a consequence of deliberate action to
sequester carbon. Some is a collateral benefit of steps to improve land management, for increasing soil
fertility, improving wildlife habitat, etc. Much of the current sink is unintentional, a consequence of

historical changes in technologies and preferences in agriculture, transportation, and urban design.

CARBON CYCLE OF THE FUTURE

The future trajectory of carbon sinks in North America is very uncertain. Several trends will play a
role in determining the sign and magnitude of future changes. One important controller is the magnitude
of future climate changes. If the climate warms significantly, much of the United States could experience
a decrease in plant growth and an increase in the risk of wildfire (Bachelet et al., 2003), especially if the
warming is not associated with substantial increases in precipitation. Exactly this pattern—substantial
warming with little or no change in precipitation—characterizes North America in many of the newer
climate simulations (Rousteenoja et al., 2003). If North American ecosystems are sensitive to elevated
CO;, nitrogen deposition, or warming, plant growth could increase (Schimel et al., 2000). The empirical
literature on CO, and nitrogen deposition is mixed, with some reports of substantial growth enhancement
(Norby et al., 2005) and others reporting small or modest effects (Oren et al., 2001; Shaw et al., 2002;
Heath et al., 2005).

Overall, the carbon budget of North America is dominated by carbon releases from the combustion of
fossil fuels. Recent sinks, largely from carbon uptake in plants and soils, may approach 50% of the recent
fossil fuel source (Baker et al., 2006). Most of this uptake appears to be a rebound, as natural and
managed ecosystems recover from past disturbances. Little evidence supports the idea that these
ecosystem sinks will increase in the future. Substantial climate change could convert current sinks into
sources (Gruber et al., 2004).

In the future, trends in the North American energy economy may intersect with trends in the natural
carbon cycle. A large-scale investment in afforestation could offset substantial future emissions (Graham,
2003). Costs of this kind of effort would, however, include the loss of the new forested area from its

previous uses, including grazing or agriculture, plus the energy costs of managing the new forests, plus
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any increases in emissions of non-CO, greenhouse gases from the new forests. Large-scale investments in
biomass energy would have similar costs but would result in offsetting emissions from fossil-fuel
combustion, rather than sequestration (Giampietro et al., 1997). The relative costs and benefits of
investments in afforestation and biomass energy will require careful analysis (Kirschbaum, 2003).
Investments in other energy technologies, including wind and solar, will require some land area, but the
impacts on the natural carbon cycle are unlikely to be significant or widespread (Hoffert et al., 2002;
Pacala and Socolow, 2004).

Like the present, the carbon cycle of North America during the next several decades will be
dominated by fossil emissions. Geological sequestration may become an increasingly important
component of the budget sheet. Still, progress in controlling the net release to the atmosphere must be
centered on the production and consumption of energy rather than the processes of the unmanaged carbon
cycle. North America has many opportunities to decrease emissions (Chapter 4). Nothing about the status
of the unmanaged carbon cycle provides a justification for assuming that it can compensate for emissions

from fossil fuel combustion.

CHAPTER 2 REFERENCES

Andres, R.J., D.J. Fielding, G. Marland, T.A. Boden, N. Kumar, and A.T. Kearney, 1999: Carbon dioxide emissions
from fossil-fuel use, 1751-1950. Tellus Series B Chemical and Physical Meteorology, 51, 759-765.

Archer, D., H. Kheshgi, and E. Maier-Reimer, 1998: Dynamics of fossil fuel CO, neutralization by marine CaCOs.

Global Biogeochemical Cycles, 12, 259-276.

Bacastow, R. and C.D. Keeling, 1973: Atmospheric carbon dioxide and radiocarbon in the natural carbon cycle. I1.
Changes from A.D. 1700 to 2070 as deduced from a geochemical reservoir. In: Carbon and the Biosphere
[Woodwell, G.M. and E.V. Pecan (eds.)]. U.S. Department of Commerce, Springfield, VA, pp. 86-135.

Bachelet, D., R.P. Neilson, T. Hickler, R.J. Drapek, J.M. Lenihan, M.T. Sykes, B. Smith, S. Sitch, and K. Thonicke,
2003: Simulating past and future dynamics of natural ecosystems in the United States. Global Biogeochemical
Cycles, 17, 1045.

Baker, D.F., R.M. Law, K.R. Gurney, P. Rayner, P. Peylin, A.S. Denning, P. Bousquet, L. Bruhwiler, Y.H. Chen, P.
Ciais, I.Y. Fung, M. Heimann, J. John, T. Maki, S. Maksyutov, K. Masarie, M. Prather, B. Pak, S. Taguchi, and
Z. Zhu, 2006: TransCom 3 inversion intercomparison; impact of transport model errors on the interannual
variability of regional CO, fluxes, 1988-2003. Global Biogeochemical Cycles, 20, GB1002.

Baldocchi, D. and R. Valentini, 2004: Geographic and temporal variation of carbon exchange by ecosystems and
their sensitivity to environmental perturbations. In: The Global Carbon Cycle: Integrating Humans, Climate,
and the Natural World [Field, C.B. and M.R. Raupach (eds.)]. Island Press, Washington, DC, pp. 295-316.

Birdsey, R.A. and L.S. Heath, 1995: Carbon changes in U.S. forests. In: Productivity of America's Forests and
Climate Change [Joyce, L.A. (ed.)]. General Technical Report RM-GTR-271, U.S. Department of Agriculture,
Forest Service, Rocky Mountain Forest and Range Experiment Station, Fort Collins, CO, pp. 56-70.

September 2006 2-9



© 00 N O O b W DN P

W W W W W W W WNDNDDNMDMNDNDNDNNMDMNDNNNDNNMNNNRERPERPRPPRPRERPEREPRPERERPRPBE
~N o ol A WON P OO oo N O, WONPFPE OO oo NO Ol WD - O

CCSP Product 2.2 Draft for Public Review

Bousquet, P., P. Peylin, P. Ciais, C.L. Quéré, P. Friedlingstein, and P.P. Tans, 2000: Regional changes in carbon
dioxide fluxes of land and oceans since 1980. Science, 290, 1342-1346.

Broecker, W.S., T.H. Peng, and T. Takahashi. 1980: A strategy for the use of bomb-produced radiocarbon as a
tracer for the transport of fossil fuel CO, into the deep-sea source regions. Earth and Planetary Science Letters,
49, 463-468.

Caldeira, K. and M.E. Wickett. 2003: Anthropogenic carbon and ocean pH. Nature, 425, 365-365.

Chen, J.M., W. Ju, J. Cihlar, D. Price, J. Liu, W. Chen, J. Pan, A. Black, and A. Barr, 2003: Spatial distribution of
carbon sources and sinks in Canada's forests. Tellus Series B Chemical and Physical Meteorology, 55B, 622—
641.

Cramer, W., A. Bondeau, F.I. Woodward, 1.C. Prentice, R.A. Betts, V. Brovkin, P.M. Cox, V.A. Fisher, J.A. Foley,
A.D. Friend, and C. Kucharik, 2001: Global response of terrestrial ecosystem structure and function to CO, and
climate change: results from six dynamic global vegetation models. Global Change Biology, 7, 357-373.

Cramer, W., D.W. Kicklighter, A. Bondeau, B. Moore Ill, G. Churkina, B. Nemry, A. Ruimy, A.L. Schloss, J.
Kaduk, and participants of the Potsdam NPP Model Intercomparison, 1999: Comparing global models of
terrestrial net primary productivity (NPP): overview and key results. Global Change Biology, 5(Suppl. 1), 1-
15.

DeFries, R.S., C.B. Field, I. Fung, J. Collatz, and L. Bounoua, 1999: Combining satellite data and biogeochemical
models to estimate global effects of human-induced land cover change on carbon emissions and primary
productivity. Global Biogeochemical Cycles, 13, 803-815.

DOE EIA (U.S. Department of Energy, Energy Information Administration), 2005.

Dukes, J., 2003: Burning buried sunshine: human consumption of ancient solar energy. Climatic Change, 61, 31-44.

Enting, I.G., 2002: Inverse Problems in Atmospheric Constituent Transport. Cambridge University Press, London.

Falkowski, P.G., M.E. Katz, A.J. Milligan, K. Fennel, B.S. Cramer, M.P. Aubry, R.A. Berner, M.J. Novacek, and
W.M. Zapol, 2005: The rise of oxygen over the past 205 million years and the evolution of large placental
mammals. Science, 309, 2202-2204.

Feely, R.A., C.L. Sabine, K. Lee, W. Berelson, J. Kleypas, VV.J. Fabry, and F.J. Millero. 2004. Impact of
anthropogenic CO, on the CaCOj; system in the oceans. Science, 305, 362-366.

Friedli, H., H. Létscher, H. Oeschger, U. Siegenthaler, and B. Stauffer, 1986: Ice core record of **C/**C ratio of
atmospheric CO, in the past two centuries. Nature, 324, 237-238.

Giampietro, M., S. Ulgiati, and D. Pimentel, 1997: Feasibility of large-scale biofuel production: does an
enlargement of scale change the picture? Bioscience, 47, 587-600.

Gloor, M., N. Gruber, J. Sarmiento, C.L. Sabine, R.A. Feely, and C. Rodenbeck, 2003: A first estimate of present
and preindustrial air-sea CO, flux patterns based on ocean interior carbon measurements and models.
Geophysical Research Letters, 30, 1010.

Goodale, C.L., M.J. Apps, R.A. Birdsey, C.B. Field, L.S. Heath, R.A. Houghton, J.C. Jenkins, G.H. KohImaier, W.
Kurz, S.R. Liu, G.J. Nabuurs, S. Nilsson, and A.Z. Shvidenko, 2002: Forest carbon sinks in the Northern
Hemisphere. Ecological Applications, 12, 891-899.

September 2006 2-10



© 00 N O O b W DN P

W W W W W W W WNDNDDNMDMNDNDNDNNMDMNDNNNDNNMNNNRERPERPRPPRPRERPEREPRPERERPRPBE
~N o ol A WON P OO oo N O, WONPFPE OO oo NO Ol WD - O

CCSP Product 2.2 Draft for Public Review

Graham, P.J., 2003: Potential for climate change mitigation through afforestation: an economic analysis of fossil
fuel substitution and carbon sequestration benefits. Agroforestry Systems, 59, 85-95.

Greenblatt, J.B. and J.L. Sarmiento, 2004: Variability and climate feedback mechanisms in ocean uptake of CO,.
In: The Global Carbon Cycle: Integrating Humans, Climate, and the Natural World [Field, C.B. and M.R.
Raupach (eds.)]. Island Press, Washington, DC, pp. 257-275.

Gruber, N., P. Friedlingstein, C.B. Field, R. Valentini, M. Heimann, J.E. Richey, P. Romero-Lankao, E.-D.
Schulze, and C.-T.A. Chen, 2004: The vulnerability of the carbon cycle in the 21st century: an assessment of
carbon-climate-human interactions. In: The Global Carbon Cycle: Integrating Humans, Climate, and the
Natural World [Field, C.B. and M.R. Raupach (eds.)]. Island Press, Washington, DC, pp. 45-76.

Gurney, K.R., R.M. Law, A.S. Denning, P.J. Rayner, D. Baker, P. Bousquet, L. Bruhwiler, Y.H. Chen, P. Ciais,
S.M. Fan, L.Y. Fung, M. Gloor, M. Heimann, K. Higuchi, J. John, E. Kowalczyk, T. Maki, S. Maksyutov,

P. Peylin, M. Prather, B.C. Pak, J. Sarmiento, S. Taguchi, T. Takahashi, and C.W. Yuen, 2003: TransCom 3
CO, inversion intercomparison: 1. annual mean control results and sensitivity to transport and prior flux
information. Tellus Series B Chemical and Physical Meteorology, 55, 555-579.

Gurney, K.R., R.M. Law, A.S. Denning, P.J. Rayner, B.C. Pak, D. Baker, P. Bousquet, L. Bruhwiler, Y.H. Chen, P.
Ciais, 1.Y. Fung, M. Heimann, J. John, T. Maki, S. Maksyutov, P. Peylin, M. Prather, and S. Taguchi, 2004:
Transcom 3 inversion intercomparison: model mean results for the estimation of seasonal carbon sources and
sinks. Global Biogeochemical Cycles, 18, GB1010.

Hansen, J., L. Nazarenko, R. Ruedy, M. Sato, J. Willis, A. Del Genio, D. Koch, A. Lacis, K. Lo, S. Menon,

T. Novakov, J. Perlwitz, G. Russell, G.A. Schmidt, and N. Tausnev, 2005: Earth's energy imbalance:
confirmation and implications. Science, 308, 1431-1435.

Heath, J., E. Ayres, M. Possell, R.D. Bardgett, H.1.J. Black, H. Grant, P. Ineson, and G. Kerstiens, 2005: Rising
atmospheric CO, reduces sequestration of root-derived soil carbon. Science, 309, 1711-1713.

Hoffert, M.1., K. Caldeira, G. Benford, D.R. Criswell, C. Green, H. Herzog, A.K. Jain, H.S. Kheshgi, K.S. Lackner,
J.S. Lewis, H.D. Lightfoot, W. Manheimer, J.C. Mankins, M.E. Mauel, L.J. Perkins, M.E. Schlesinger, T. Volk,
and T.M.L. Wigley, 2002: Advanced technology paths to global climate stability: energy for a greenhouse
planet. Science, 298, 981-987.

Houghton, R.A. 1999: The annual net flux of carbon to the atmosphere from changes in land use 1850-1990.
Tellus, 51B, 298-313.

Houghton, R.A., J.L. Hackler, and K.T. Lawrence, 1999: The U.S. carbon budget: contributions from land-use
change. Science, 285, 574-578.

Jacobson, A.R., S.E. Mikaloff-Fletcher, N. Gruber, J.L. Sarmiento, M. Gloor, and TransCom Modelers, 2006: A
joint atmosphere-ocean inversion for surface fluxes of carbon dioxide. Global Biogeochemical Cycles
(submitted).

Joos, F. and I.C. Prentice, 2004: A paleo perspective on the future of atmospheric CO, and climate. In: The Global
Carbon Cycle: Integrating Humans, Climate, and the Natural World [Field, C.B. and M.R. Raupach (eds.)].
Island Press, Washington, DC, pp. 165-186.

September 2006 2-11



© 00 N O O b W DN P

W W W W W W W WNDNDDNMDMNDNDNDNNMDMNDNNNDNNMNNNRERPERPRPPRPRERPEREPRPERERPRPBE
~N o ol A WON P OO oo N O, WONPFPE OO oo NO Ol WD - O

CCSP Product 2.2 Draft for Public Review

Keeling, C.D., R.B. Bacastow, A.E. Bainbridge, C.A. Ekdahl, P.R. Guenther, and L.S. Waterman, 1976:
Atmospheric carbon dioxide variations at Mauna Loa Observatory, Hawaii. Tellus, 28, 538-551.

Keeling, R.F., S.C. Piper, and M. Heimann, 1996: Global and hemispheric CO, sinks deduced from changes in
atmospheric O, concentration. Nature, 381, 218-221.

Keeling, R.F. and B.B. Stephens, 2001: Antarctic sea ice and the control of Pleistocene climate instability.
Paleoceanography, 16, 112-131.

Kirschbaum, M.U.F., 2003: To sink or burn? a discussion of the potential contributions of forests to greenhouse gas
balances through storing carbon or providing biofuels. Biomass and Bioenergy, 24, 297-310.

Kurz, W.A. and M.J. Apps, 1999: A 70-year retrospective analysis of carbon fluxes in the Canadian forest sector.
Ecological Applications, 9, 526-547.

Law, R.M., Y.-H. Chen, K.R. Gurney, and M. Transcom, 2003: TransCom 3 CO, inversion intercomparison: 2.
sensitivity of annual mean results to data choices. Tellus Series B Chemical and Physical Meteorology, 55B,
580-595.

Le Quéré, C. and N. Metzl, 2004: Natural processes regulating the ocean uptake of CO,. In: The Global Carbon
Cycle: Integrating Humans, Climate, and the Natural World [Field, C.B. and M.R. Raupach (eds.)]. Island
Press, Washington, DC, pp. 243-256.

Marland, G. and R.M. Rotty, 1984: Carbon dioxide emissions from fossil fuels: a procedure for estimation and
results for 1950-1982. Tellus, 36B, 232-261.

Martin, J.H., 1990: Glacial-interglacial CO, change: the iron hypothesis. Paleoceanography, 5, 1-13.

Masarie, K.A. and P.P. Tans, 1995: Extension and integration of atmospheric carbon dioxide data into a globally
consistent measurement record. Journal of Geophysical Research (Atmospheres), 100, 11593-11610.

Matear, R.J. and B.l. McNeil, 2003: Decadal accumulation of anthropogenic CO, in the Southern Ocean: a
comparison of CFC-age derived estimates to multiple-linear regression estimates. Global Biogeochemical
Cycles, 17, 1113.

Matsumoto, K., J.L. Sarmiento, R.M. Key, O. Aumont, J.L. Bullister, K. Caldeira, J.M. Campin, S.C. Doney,

H. Drange, J.C. Dutay, M. Follows, Y. Gao, A. Gnanadesikan, N. Gruber, A. Ishida, F. Joos, K. Lindsay,

E. Maier-Reimer, J.C. Marshall, R.J. Matear, P. Monfray, A. Mouchet, R. Najjar, G.K. Plattner, R. Schlitzer, R.
Slater, P.S. Swathi, 1.J. Totterdell, M.F. Weirig, Y. Yamanaka, A. Yool, and J.C. Orr, 2004: Evaluation of ocean
carbon cycle models with data-based metrics. Geophysical Research Letters, 31, L07303-07304.

Mitchell, J.F.B., D.J. Karoly, G.C. Hegerl, F.W. Zwiers, M.R. Allen, and J. Marengo, 2001: Detection of climate
change and attribution of causes. In: Climate Change 2001: The Scientific Basis [Houghton, J.T., Y. Ding, D.J.
Griggs, M. Noguer, P.J. van der Linden, X. Dai, K. Maskell, and C.A. Johnson (eds.)]. Cambridge University
Press, Cambridge, United Kingdom, pp. 695-738.

Newsam, G.N. and 1.G. Enting, 1988: Inverse problems in atmospheric constituent studies: 1. determination of
surface sources under a diffusive transport approximation. Inverse Problems, 4, 1037-1054.

Norby, R.J., E.H. DeLucia, B. Gielen, C. Calfapietra, C.P. Giardina, J.S. King, J. Ledford, H.R. McCarthy, D.J.P.
Moore, R. Ceulemans, P. De Angelis, A.C. Finzi, D.F. Karnosky, M.E. Kubiske, M. Lukac, K.S. Pregitzer, G.E.

September 2006 2-12



© 00 N O O b W DN P

W W W W W W W NDNDMNMDNDNMDNDNMNNMDNMDNNMNMNMNMNMNRPRERPPRPERPRERPERERPRPR PR R
o O A WNPEFP O O 00 NO Ol D WNPFP OO 0o NO O W DN K- O

CCSP Product 2.2 Draft for Public Review

Scarascia-Mugnozza, W.H. Schlesinger, and R. Oren, 2005: Forest response to elevated CO, is conserved
across a broad range of productivity. Proceedings of the National Academy of Sciences of the United States of
America, 102, 18052-18056.

Oren, R., D.S. Ellsworth, K.H. Johnsen, N. Phillips, B.E. Ewers, C. Maier, K.V.R. Schafer, et. al., 2001: Soil
fertility limits carbon sequestration by forest ecosystems in a CO,-enriched atmosphere. Nature, 411, 469-472.

Orr, J.C., V.J. Fabry, O. Aumont, L. Bopp, S.C. Doney, R.A. Feely, A. Gnanadesikan, N. Gruber, A. Ishida,

F. Joos, R.M. Key, K. Lindsay, E. Maier-Reimer, R. Matear, P. Monfray, A. Mouchet, R.G. Najjar, G.K.
Plattner, K.B. Rodgers, C.L. Sabine, J.L. Sarmiento, R. Schlitzer, R.D. Slater, 1.J. Totterdell, M.F. Weirig, Y.
Yamanaka, and A. Yool, 2005: Anthropogenic ocean acidification over the twenty-first century and its impact
on calcifying organisms. Nature, 437, 681-686.

Pacala, S. and R. Socolow, 2004: Stabilization wedges: solving the climate problem for the next 50 years with
current technologies. Science, 305, 968-972.

Pacala, S.W., G.C. Hurtt, D. Baker, P. Peylin, R.A. Houghton, R.A. Birdsey, L. Heath, E.T. Sundquist, R.F.
Stallard, P. Ciais, P. Moorcroft, J.P. Caspersen, E. Shevliakova, B. Moore, G. Kohlmaier, E. Holland, M. Gloor,
M.E. Harmon, S.M. Fan, J.L. Sarmiento, C.L. Goodale, D. Schimel, and C.B. Field, 2001: Consistent land- and
atmosphere-based U.S. carbon sink estimates. Science, 292, 2316-2319.

Petit, J.R., J. Jouzel, D. Raynaud, N.I. Barkov, J.-M. Barnola, I. Basile, M. Bender, J. Chappellaz, M. Davis,

G. Delaygue, M. Delmotte, V.M. Kotlyakov, M. Legrand, V.Y. Lipenkov, C. Lorius, L. Pépin, C. Ritz,
E. Saltzman, and M. Stievenard, 1999: Climate and atmospheric history of the past 420,000 years from the
Vostok ice core, Antarctica. Nature, 399, 429-436.

Peylin, P., P. Bousquet, C. Le Quere, S. Sitch, P. Friedlingstein, G. McKinley, N. Gruber, P. Rayner, and P. Ciais,
2005: Multiple constraints on regional CO, flux variations over land and oceans. Global Biogeochemical
Cycles, 19, GB1011.

Post, W.M., T.H. Peng, W.R. Emanuel, A.W. King, V.H. Dale, and D.L. Deangelis, 1990. The global carbon cycle.
American Scientist, 78, 310-326.

Prentice, 1.C., 2001: The carbon cycle and atmospheric carbon dioxide. In: Climate Change 2001: The Scientific
Basis. Contribution of Working Group | to the Third Assessment Report of the Intergovernmental Panel on
Climate Change.

Rodenbeck, C., S. Houweling, M. Gloor, and M. Heimann, 2003: CO, flux history 1982-2001 inferred from
atmospheric data using a global inversion of atmospheric transport. Atmospheric Chemistry and Physics, 3,
1919-1964.

Rousteenoja, K., T.R. Carter, K. Jylha, and H. Tuomenvirta, 2003: Future Climate in World Regions: An
Intercomparison of Model-Based Projections for the New IPCC Emissions Scenarios. Finnish Environment
Institute, Helsinki.

Running, S.W., R.R. Nemani, F.A. Heinsch, M.S. Zhao, M. Reeves, and H. Hashimoto, 2004: A continuous

satellite-derived measure of global terrestrial primary production. Bioscience, 54, 547-560.

September 2006 2-13



© 00 N O O b W DN P

W W W W W W W NDNDMNMDNDNMDNDNMNNMDNMDNNMNMNMNMNMNRPRERPPRPERPRERPERERPRPR PR R
o O A WNPEFP O O 00 NO Ol D WNPFP OO 0o NO O W DN K- O

CCSP Product 2.2 Draft for Public Review

Sabine, C.L., R.A. Feely, N. Gruber, R.M. Key, K. Lee, J.L. Bullister, R. Wanninkhof, C.S. Wong, D.W.R.
Wallace, B. Tilbrook, F.J. Millero, T.H. Peng, A. Kozyr, T. Ono, and A.F. Rios, 2004a: The oceanic sink for
anthropogenic CO,. Science, 305, 367-371.

Sabine, C.L., M. Heiman, P. Artaxo, D.C.E. Bakker, C.-T.A. Chen, C.B. Field, N. Gruber, C. LeQuéré, R.G. Prinn,
J.E.Richey, P. Romero-Lankao, J.A. Sathaye, and R. Valentini, 2004b: Current status and past trends of the
carbon cycle. In: The Global Carbon Cycle: Integrating Humans, Climate, and the Natural World [Field, C.B.
and M.R. Raupach (eds.)]. Island Press, Washington, DC, pp. 17-44.

Schimel, D., J. Melillo, H. Tian, A.D. McGuire, D. Kicklighter, T. Kittel, N. Rosenbloom, S. Running, P. Thornton,
D. Ojima, W. Parton, R. Kelly, M. Sykes, R. Neilson, and B. Rizzo, 2000: Contribution of increasing CO, and
climate to carbon storage by ecosystems in the United States. Science, 287, 2004—2006.

Schimel, D.S., J.I. House, K.A. Hibbard, P. Bousquet, P. Ciais, P. Peylin, B.H. Braswell, M.J. Apps, D. Baker,

A. Bondeau, J. Canadell, G. Churkina, W. Cramer, A.S. Denning, C.B. Field, P. Friedlingstein, C. Goodale, M.
Heimann, R.A. Houghton, J.M. Melillo, B. Moore, D. Murdiyarso, I. Noble, S.W. Pacala, I.C. Prentice, M.R.
Raupach, P.J. Rayner, R.J. Scholes, W.L. Steffen, and C. Wirth, 2001: Recent patterns and mechanisms of
carbon exchange by terrestrial ecosystems. Nature, 414, 169-172.

Shaw, M.R., E.S. Zavaleta, N.R. Chiariello, E.E. Cleland, H.A. Mooney, and C.B. Field, 2002: Grassland responses
to global environmental changes suppressed by elevated CO,. Science, 298, 1987-1990.

Siegenthaler, U. and H. Oeschger, 1987: Biospheric CO, emissions during the past 200 years reconstructed by
deconvolution of ice core data. Tellus, 39B, 140-154.

Sigman, D.M. and E.A. Boyle, 2000: Glacial/interglacial variations in atmospheric carbon dioxide. Nature, 407,
859-869.

Takahashi, T., R.A. Feely, R.F. Weiss, R. Wanninkhof, D.W. Chipman, S.C. Sutherland, and T.T. Takahashi, 1997:
Global air-sea flux of CO,: An estimate based on measurements of sea-air pCO, difference. Proceedings of the
National Academy of Sciences of the United States of America, 94, 8292-8299.

Takahashi, T., S.C. Sutherland, C. Sweeney, A. Poisson, N. Metzl, B. Tilbrook, N. Bates, R. Wanninkhof, R.A.
Feely, C. Sabine, J. Olafsson, and Y. Nojiri, 2002: Global sea-air CO, flux based on climatological surface
ocean pCO,, and seasonal biological and temperature effects. Deep-Sea Research 11, 49, 1601-1622.

Tarantola, A., 1987: Inverse Problem Theory: Methods for Data Fitting and Model Parameter Estimation.
Elsevier, New York, NY.

Thoning, K.W., P.P. Tans, and W.D. Komhyr, 1989: Atmospheric carbon dioxide at Mauna Loa Observatory 2.
analysis of the NOAA GMCC data, 1974-1985. Journal of Geophysical Research, 94, 8549-8565.

van der Werf, G.R., J.T. Randerson, G.J. Collatz, L. Giglio, P.S. Kasibhatla, A.F. Arellano, S.C. Olsen, and E.S.
Kasischk,. 2004: Continental-scale partitioning of fire emissions during the 1997 to 2001 El Nino/La Nina
period. Science, 303, 73-74.

Wanninkhof, R., and W. McGillis, 1999: A cubic relationship between air-sea CO, exchange and wind speed.
Geophysical Research Letters, 26, 1889-1892.

September 2006 2-14



CCSP Product 2.2 Draft for Public Review

1 Wofsy, S.C., M.L. Goulden, J.W. Munger, S.-M. Fan, P.S. Bakwin, B.C. Daube, S.L. Bassow, and F.A. Bazzaz,
2 1993: Net exchange of CO, in a mid-latitude temperate forest. Science, 260, 1314-1317.

September 2006 2-15



CCSP Product 2.2 Draft for Public Review

1

2  Table 1. Sinks of carbon for 1980-90 in the coterminous United States (in Gt C yr™).
3

Land area Birdsey
1980-90 Houghton and Heath
Category Low High (10° ha) etal. (8) (12)
Forest trees 0.11 0.15 247-247 0.06 % 0.11
Other forest organic matter 0.03 0.15 247-247 -0.01 0.18
Cropland soils 0.00 0.04 185-183 0.14 —
Nonforest, non-cropland 0.12° 0.13° 334-336 ¢ 0.12 —
(woody
encroachment)
Wood products 0.03 0.07 — 0.03 0.03
Reservoirs, alluvium, 0.01 0.04 — — —
colluvium
Exports minus imports of 0.04 0.09 — — —
food, wood
Fixed in the United States 0.03 0.04 — — —
but exported by rivers
“Apparent™ U.S. sink 0.25 0.58 766 0.15-0.23° 0.31
without woody
encroachment
“Apparent™ U.S. sink 0.37 0.71 766 0.15-0.35°¢ —
including woody
encroachment
Sink ' 0.03 0.58 766 0.15-0.35°¢ 0.31

2 Assumes that the 0.05 Gt C yr™ estimated in (8) to be accumulating in western pine woodlands as a result of the
suppression is assigned to forest instead of row 4.

® These numbers are not bounds, but rather the only two existing estimates.

¢ Total area for all lands other than forest and croplands. Possible woody encroachment because of fire
suppression on up to about two-thirds of this land (10,16).

4 By “apparent” sink, we mean the net flux from the atmosphere to the land that would be estimated in an
inversion. It includes all terms in the table.

¢ Lower bound reflects uncertainty in the estimates for the effects of fire suppression.

"Excludes sinks caused by the export/import imbalance for food and wood products and river exports because
these create corresponding sources outside the United States.

Source: Pacala et al. (2001)
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Figure 2-1. Schematic representation of the components of the global carbon cycle. The three panels show
(A) the overall cycle, (B) the details of the ocean cycle, and (C) and the details of the land cycle. For all panels,
carbon stocks are in brackets, and fluxes have no brackets. Pre-anthropogenic stocks and fluxes are in black.
Anthropogenic perturbations are in red. For stocks, the anthropogenic perturbations are the cumulative total since
1850. Anthropogenic fluxes are means for the 1990s. Redrawn from Sabine et al. (2004b) with updates as

discussed in the text.
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Fig. 2-2. Atmospheric CO, concentration from 1850 to 2005. The data prior to 1957 (red circles) are from
the Siple ice core (Friedli et al., 1986). The data since 1957 (blue circles) are from continuous atmospheric
sampling at the Mauna Loa Observatory (Hawaii) (Keeling et al., 1976; Thoning et al., 1989) (with updates
available at http://cdiac.ornl.gov/trends/co2/sio-mlo.htm).
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Figure 2-3. The 13-model mean CO, flux interannual variability (Gt C yr™) for several continents (solid
lines) and ocean basins (dashed lines). (A) North Pacific and North America, (B) Atlantic north of 15°N and
Eurasia, (C) Australasia and Tropical Pacific, (D) Africa, and (E) South America (note the different scales for

Africa and South America) [from (Baker et al., 2006)].
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